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Abstract 

Background: Subspecies B1 human adenoviruses (HAdV-BI) are prevalent respiratory pathogens. Compared to 
their species C (HAdV-C) counterparts, relatively little work has been devoted to the characterization of their unique 
molecular biology. The early region 3 (E3) transcription unit is an interesting target for future efforts because of its 
species-specific diversity in genetic content among adenoviruses. This diversity is particularly significant for the 
subset of E3-encoded products that are membrane glycoproteins and may account for the distinct pathobiology 
of the different human adenovirus species. In order to understand the role of HAdV-B-specific genes in viral 
pathogenesis, we initiated the characterization of unique E3 genes. As a continuation of our efforts to define the 
function encoded in the highly polymorphic ORF E3-10.9K and testing the hypothesis that the E3-10.9K protein 
orthologs with a hydrophobic domain contribute to the efficient release of viral progeny, we generated HAdV-3 
mutant viruses unable to express E3-10.9K ortholog E3-9K and examined their ability to grow, disseminate, and 
egress in cell culture. 

Results: No differences were observed in the kinetics of infected cell death, and virus progeny release or in the 
plaque size and dissemination phenotypes between cells infected with HAdV-3 E3-9K mutants or the parental 
virus. The ectopic expression of E3-10.9K orthologs with a hydrophobic domain did not compromise cell viability. 

Conclusions: Our data show that despite the remarkable similarities with HAdV-C E3-1 1.6K, HAdV-B1 ORF E3-10.9K 
does not encode a product with a "death-like" biological activity. 
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Background 

Subspecies Bl human adenoviruses (HAdV-BI) are 
important causes of acute respiratory disease in children 
and military recruits [1-6]. In particular, serotypes 3 and 
7 (HAdV-3 and HAdV-7) and their genomic variants are 
commonly isolated in association with severe pediatric 
acute respiratory disease worldwide [7-10]. Compared 
to their species C (HAdV-C) counterparts, relatively lit- 
tle work has focused specifically on characterizing the 
unique molecular biology of these important human 
pathogens. The early region 3 (E3) transcription unit is 
of particular interest for its species-specific diversity in 
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genetic content among adenoviruses [11,12] and for en- 
coding important modulators of the host response to in- 
fection [13-16]. This diversity is particularly significant 
for the subset of E3-encoded products that are mem- 
brane glycoproteins and may account for the distinct 
pathobiology of the different human adenovirus species. 
Between the highly conserved E3-19K and RIDa, HAdV- 
A to -F encode unique repertoires of genes whose pro- 
ducts are membrane proteins that belong to the CR1 
protein superfamily (pfam02440 in the NCBI CDD) and 
that are likely to be responsible for their distinct patho- 
biology. Adenovirus CR1 genes are designated CRloc, B, 
y and 5 based on their order in the E3 cassette and ex- 
hibit some homology with the highly diverse human 
cytomegalovirus RL11 gene family [17]. With the excep- 
tion of HAdV-C E3-11.6K aka adenovirus death protein 
(ADP) and E3-6.7K [18-20] no functional role has been 
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identified for adenovirus (or cytomegalovirus) -encoded 
CR1 proteins. 

We previously reported the initial characterization of 
the uniquely diverse family of orthologs encoded by 
HAdV-Bls in ORF E3-10.9K/CR15 [21,22]. This poly- 
morphic HAdV-Bl-specific E3 ORF encodes proteins 
ranging in predicted size from 4.8 kDa to 10.9 kDa, 
depending on the serotype and genomic variant [22]. 
Our studies showed that orthologs E3-7.7K, E3-9K, and 
E3-10.9K containing predicted transmembrane domains 
localized to the plasma membrane and to an intracellu- 
lar compartment that could not be identified when 
expressed ectopically as EGFP-fusion proteins, while the 
4.8 kDa ortholog lacking a hydrophobic domain dis- 
played diffuse cellular localization [21]. The location of 
ORF E3-10.9K in the E3 transcription unit is analogous 
to that of HAdV-C E3-11.6K/adenovirus death protein 
(ADP) [11]. Like HAdV-C E3-11.6K/ADP, E3-10.9K is 
expressed at late time points post-infection from the 
adenovirus major late promoter, and exhibits similar 
structural features including a hydrophobic domain, 
molecular weight, and N- and O-linked glycosylation 
[21]. However, the E3-11.6K/ADP primary localization 
to the nuclear envelope in infected cells [23] was not 
observed for any of the ectopically expressed E3-10.9K 
ortholog fusion proteins with a hydrophobic domain 
[21]. This led us to hypothesize that HAdV-Bl E3- 
10.9Kis a homolog of HAdV-C E3-11.6K/ADP that 
facilitates efficient progeny virus release through a differ- 
ent mechanism. 

In this body of experimental work, we tested this 
hypothesis using HAdV-3 mutant viruses lacking the 
ability to express ortholog E3-9K and examined their 
ability to egress, kill, and disseminate in cultured cells in 
comparison with the parental virus. 

Results 

Generation of HAdV-3-E3-9K knock-out mutants 

In order to investigate the role of ORF E3-10.9K in the 
growth and progeny release of HAdV-Bls, we generated 
HAdV-3p mutant viruses lacking the ability to express a 
protein from ORF E3-9K. HAdV-3p encodes a 9 kDa 
ortholog in this ORF that is expressed at early times post 
infection but also late from a major late promoter tran- 
script [21]. Using recombination-based engineering of 
the HAdV-3p genome, we generated two control viruses 
(HAdV-3p-WT and HAdV-3p-E3-9Krec) and two viruses 
unable to express a protein from ORF E3-9K (HAdV-3p- 
E3-9K-KO and HAdV-3p-E3-9K-NULL). A schematic 
showing the HAdV-3p mutant viruses generated for 
these experiments is shown in Figure 1. HAdV-3p-WT 
was generated from bacmid pKBS2Ad3wt [24] and had 
no alterations to the E3 transcription unit. HAdV-3p-E3- 
9K-rec is a recombination control virus containing Sail 
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Figure 1 Schematic of HAdV-3p E3-9K mutant virus genotypes. 

Mutant viruses were generated by recombination of bacmid 
pKSB2Ad3wt with pE3-9K shuttle plasmids carrying the desired 
mutations of ORF E3-9K, digestion of bacmid with Mlu\ to release 
the mutated HAdV-3 genome, transfection into A549 cells, and 
propagation of resultant mutant virus as described in the Materials 
and Methods section. Recombinants contain Sail and BamHl 
restriction enzyme sites and a flippase recognition target (FRT) scar 
site. The HAdV-3p-WT control virus was generated by linearization of 
pKSB2Ad3wt by digestion with Mlu\ without prior recombination or 
mutation. HAdV-3p-E-3-9K-rec, the recombination control virus, was 
generated by recombination of pKSB2Ad3wt with unaltered pE3-9K 
shuttle plasmid. An E3-9K knock out mutant, HAdV-3p-E3-9K-KO, was 
generated by recombination of pKSB2Ad3wt with a pE3-9K shuttle 
plasmid that contained TAG stop codons in place of all the in-frame 
ATG codons present in ORF E3-9K. HAdV-3p-E3-9K-NULL was 
generated by recombination of pKSB2Ad3wt with a pE3-9K shuttle 
plasmid carrying the HAdV-7h-encoded null version of this ORF 
(GenBank accession # Z48954 and AF321310). 



and BamHl restriction sites flanking ORF E3-9K and a 
flippase recognition target (FRT) scar site. Mutant 
HAdV-3p-E3-9K-KO was generated by mutating all in- 
frame ATG codons in ORF E3-9K to TAG stop codons. 
Mutant HAdV-3p-E3-9K-NULL contains the non-coding 
version of ORF E3-10.9K encoded in the genome of 
HAdV-7h [22,25] and represents a naturally occurring 
null mutation in this ORF (Figure 1). The correct genetic 
make-up of all viruses was confirmed by sequencing the 
relevant portion of E3 region of recombinant viral DNA 
and examining the presence of the desired mutations, 
the FRT scar site, and intact neighboring ORFs (Genbank 
accession numbers JQ278022, JQ278023, and JQ278024). 
The absence of expression of ortholog E3-9 K from the 
KO and NULL mutants could not be verified due to the 
lack of a suitable antibody. 

The absence of E3-9K does not alter HAdV-3 cytopathic 
effect in infected cells 

As an initial assessment of HAdV-3 ORF E3-9K mutant 
virus growth phenotype, we examined the cytopathic ef- 
fect (CPE) resulting from mutant virus infection of A549 
cell monolayers in comparison to the parental and 
recombination control viruses. A549 cells were infected 
at a MOI of 1 PFU/cell and analyzed by light microscopy 
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at 4 days pi. Characteristic HAdV CPE was observed for 
all viruses. No difference in the progression or appear- 
ance of CPE was observed for either HAdV-3p-E3-9K- 
KO or HAdV-3p-E3-9K-NULL compared to controls 
(Figure 2). 

E3-9K mutant viruses do not have a distinct plaque 
phenotype compared to the parental virus 

In order to investigate whether HAdV-3 E3-9K plays a 
role in plaque formation, we examined plaque size 
phenotype on A549 cell monolayers infected with our 
panel of HAdV-3-E3-9K mutant viruses. Cells were 
infected with approximately 20 PFU under a semi-solid 
agarose/medium overlay and fixed and stained at 13 days 
pi to visualize plaques. No difference in the sizes and 
morphology of plaques was observed between control 
and mutant HAdV-3 viruses (Figure 3A). In contrast, 
and as previously shown, the HAdV-C ADP knock-out 
mutant pm734.1 showed distinct differences in plaque 
size compared to parental virus rec700 (Figure 3B; [26]). 
Interestingly, plaques formed by mutant or WT HAdV-3 
viruses exhibited diameters comparable to those formed 
by the HAdV-C ADP KO virus. 

HAdV-3 mutant viruses lacking E3-9K do not exhibit an 
altered viral spread phenotype in cell culture 

The ability of HAdV-3-E3-9K mutant viruses to spread 
in cell culture was assessed by dissemination assays. In 
contrast to a plaque assay, a dissemination assay does 
not have a semi-solid agarose/medium overlay. This 
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Figure 2 HAdV-3p E3-9K mutant virus-induced cytopathic 
effect in A549 cells. A549 cells were infected with HAdV-3 control 
viruses (HAdV-3p-m, HAdV-3p-E3-9K-rec) or HAdV-3p-E3-9K mutant 
viruses (HAdV-3p-E3-9K-KO, HAdV-3p-E3-9K-NULL) at a MOI of 1 PFU/ 
cell and analyzed by light microscopy 4 days pi. Classical adenovirus 
CPE was characterized by "webbing" or "lacy" appearance of cells 
followed by rounding and detaching of cells from the culture 
plate surface. 



allows virus to freely disperse in the culture medium, in- 
stead of being confined to access neighboring cells only. 
HAdV-C mutant viruses without E3-11.6K/ADP show a 
decreased ability to disseminate in cell culture as com- 
pared to HAdV C viruses that do express E3-11.6K/ADP 
[27]. A549 cells were infected with HAdV-3p-E3-9K 
mutant viruses at MOIs of 1, 0.1, and 0.01 PFU/cell, 
replenished with infection medium, and fixed and 
stained at 5 days pi to visualize the dissemination of 
CPE. No difference was observed among the control 
HAdV-3p-WT, the recombination control HAdV-3p-E3- 
9K-rec, HAdV-3p-E3-9K-KO, or HAdV-3p-E3-9K-NULL 
(Figure 4A). In contrast and consistent with the results 
reported by Doronin and colleagues [27], the ADP 
knockout mutant pm734.1 showed distinct differences in 
dissemination in cell culture when compared to rec700 
(Figure 4B). 

The lack of E3-9K does not delay viral progeny release 
during HAdV-3 infection 

Because no differences were found in the cytopathic 
effect, dissemination, or plaque size phenotypes of 
HAdV-3p-E3-9K-KO or HAdV-3p-E3-9K-NULL com- 
pared with control viruses, we next investigated whether 
E3-9K played a role in virus progeny egress from 
infected A549 cells. Previous work on HAdV-C E3- 
11.6K/ADP showed a significant decrease in the progres- 
sion of progeny virus egress from cells infected with 
mutant viruses lacking the E3-11.6K/ADP [28]. Since we 
hypothesized that orthologs of ORF E3-10.9K were likely 
the HAdV-Bl homologs of HAdV-C E3-11.6K/ADP, we 
carried out a virus egress experiment similar to those 
carried out by Tollefson and colleagues [28]. Cells were 
infected at a MOI of 10 PFU/cell and extracellular 
(supernatant) or total (cells and supernatant) infectious 
virus yields were determined by plaque assay. In two 
independent experiments, no difference was observed 
between the control and mutant viruses in either total 
or extracellular infectious virus yields (Figure 5A,B). 
However, a control experiment using rec700 and its cor- 
responding ADP knock-out mutant pm734.1 showed 
obvious differences in the kinetics of virus egress, con- 
firming the previously reported role of ADP in facilitat- 
ing viral progeny release (Figure 5C,D;[28]). 

E3-9K is not involved in progression of host cell death 
during HAdV-3 infection 

A role in the progression of host cell death has been 
reported for HAdV-C E3-11.6K/ADP [26,27]. In order to 
determine whether the HAdV-Bl ORF E3-10.9 K/CR15 
plays a role in cell killing, we used our HAdV-3-E3-9K 
mutant viruses to infect A549 cells at an MOI of 10 
PFU/cell and examined cell viability by trypan blue 
exclusion assay. No difference was observed for the 
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Figure 3 Growth phenotype of HAdV-3p E3-9K mutant viruses in A549 cell monolayers. A549 cells in 6-well plates were infected with 
approximately 20 PFU per well of HAdV-3p E3-9K mutant viruses (A) or HAdV-C rec700 and pm734.1 as a positive control (B) and overlayed with a 
semi-solid agarose/medium overlay. At 13 days pi (A) or 6 days pi (B), cells were fixed and stained with crystal violet to visualize plaques. 



HAdV-3p-E3-9K-NULL or HAdV-3p-E3-9K-KO com- 
pared to control HAdV-3p-WT or recombination con- 
trol HAdV-3p-E3-9K-rec (Figure 6). In contrast, ADP 
knock out mutant pm734.1 -infected cells remained 
viable much longer than those infected with the parental 
virus control rec700 as originally described by Tollefson 
and colleagues [26]. 

Overexpression of C-term EGFP tagged ORF E3-10.9K 
protein orthologs does not result in cell death 

To further investigate whether expression of the E3- 
10.9K protein orthologs with a transmembrane domain 
would compromise cell viability, HeLa TREx cells over- 
expressing C-term EGFP fusions of E3-10.9K, and E3- 
9K, under tetracycline regulation (described in [21]) 
were examined at 48 h post induction with tetracycline 
using a trypan blue exclusion assay. Prior to trypan blue 
staining, cells were examined by bright field and fluores- 
cence microscopy to confirm expression of the EGFP 



fusion proteins (Additional file 1: Figure SI). No change 
in permeability of HeLa TREx cells to trypan blue was 
observed, indicating that neither of these proteins by 
themselves are able induce cell death (Additional file 2: 
Table SI). 

Discussion 

E3-11.6K/ADP, the only CR1 gene with a known func- 
tion encoded in the HAdV-C genome between E3-19K 
and RIDa, is expressed at late stages of infection and 
facilitates the efficient release of virus progeny at the 
end of the virus life-cycle through an unknown mechan- 
ism [28]. Because of similarities in location in the E3 
transcription unit, molecular weight, expression kinetics 
and predicted structural features, we hypothesized that 
HAdV-Bl E3-10.9K was a homolog of HAdV-C E3- 
11.6K/ADP [21,22]. The results of our experiments 
examining growth, dissemination and cell killing pheno- 
types of HAdV-3-E3-9K mutants provide evidence that 
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Figure 4 Dissemination of HAdV-3p E3-9K mutant viruses in A549 cell monolayers. A549 cells were infected at a MOI of 1, 0.1, or 0.01 PFU/ 
cell with HAdV-3p E3-9K mutant viruses (A) or HAdV-C viruses rec700 and pm734.1 (B), replenished with liquid medium, fixed at 5 days pi, and 
stained with crystal violet to visualize virus-induced cell monolayer destruction. 
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Figure 5 HAdV-3p E3-9K mutant virus egress from A549 cells. A549 cells were infected with HAdV-3p E3-9K mutant viruses (A-B) or HAdV-C 
rec700 and pm734.1 (C-D) at a MOI of 10 PFU/cell, replenished with liquid medium, and total (A,C) or extracellular (B,D) infectious virus yields 
were determined by plaque assay at the indicated times pi. A-B is representative of two independent experiments. 



this HAdV-Bl-specific E3 protein does not function in 
an analogous manner to the well-characterized ADP. 
Using our HAdV-3-E3-9 K mutant viruses carrying non- 
coding versions of the gene we demonstrated that, in 
contrast to the HAdV-Cs used in this study as a refer- 
ence for comparison, ortholog E3-9 K does not contrib- 
ute to HAdV-3-induced cytopathic effect (Figure 2), 
plaque phenotype (Figure 3), dissemination in cell cul- 
ture (Figure 4), kinetics of virus progeny release from 
infected cells (Figure 5), or host cell death (Figure 6). In 
addition, the over-expression as EGFP-fusion proteins of 
neither E3-9 K nor the longest ortholog E3-10.9 K 
resulted in cell death (Additional file 2: Table SI, Add- 
itional file 1: Figure SI). We previously reported that 
ORF E3-10.9 K orthologs with a transmembrane domain 
ectopically expressed as C-terminus EGFP-fusion pro- 
teins did not localize to the nuclear envelope like 
HAdV-C E3-11.6 K/ADP. Taken together, these data 
support the conclusion that the HAdV-Bl E3-10.9 K 
orthologs are not death-like proteins. 



The lack of information on the functional role of the 
diverse repertoire of species-specific E3 membrane pro- 
teins remains a major limitation for the understanding 
of the molecular bases of the species-specific HAdV 
pathobiology. It is extremely likely that adenoviruses of 
different species differ in their life strategies and that not 
all of them have a need for a lytic/death-like protein at 
the end of their life cycle. Although ADP is important 
for the efficient release of HAdV-C progeny virions, it is 
certainly not essential. Tollefson and colleagues reported 
that HAdV-2/5 viruses lacking E3-11.6 K/ADP had a 
delayed release of virus progeny, but eventually reached 
virus titers equivalent to those of wild- type virus [28]. 
The need for a lytic protein may be linked to the ability 
of the virus to establish latent infections in lymphoid 
tissue. To the present, latency in lymphoid tissue has 
only been demonstrated for HAdV-C [29-31] but the 
role of ADP in reactivation has not been examined. 

The genetic determinants and molecular mechanisms 
of viral progeny release have not been identified for 
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Figure 6 Viability of HAdV-3p E3-9K mutant virus-infected A549 cells. A. A549 cells were infected with HAdV-3p E3-9K mutant viruses at a 
MOi of 10 PFU/cell. Medium and trypsinized cells were pooled at indicated times pi, stained with an equal volume of 0.4% trypan blue solution, 
and approximately 200 cells were counted using a light microscope and hemocytometer. The percentage of viable cells was determined by 
dividing the number of unstained cells by the total number of cells counted. Error bars indicate standard error of the mean for three 
independent experiments. Mock-infected cells were used as a negative control. B. HAdV-C rec700 and pm734.1 controls. Representative trypan 
blue exclusion assay results consistent with those reported by Tollefson et al. [26] for the same viruses. 



adenoviruses other than HAdV-C. And even for the 
HAdV-C, other mechanisms of release of progeny 
virions have been suggested [32-34]. The evolutionary 
advantages/disadvantages of utilizing non-lytic mechan- 
isms for viral progeny release have been discussed in the 
context of the antibody response from mathematical 
modeling of reproductive strategies [35]. It is possible 
that HAdVs of different species have evolved unique life 
strategies in response to tissue/organ specific host im- 
mune responses but the absence of a robust animal 
model to study HAdV pathogenesis is still a major limi- 
tation for the experimental exploration of this topic. 
Interestingly, in cancer animal models, Hemmiki and 
colleagues [36] showed that wt HAdV-3 has an oncolytic 
activity comparable to that of wt HAdV-5. 

Conclusions 

Our data show that despite the remarkable similarities 
with HAdV-C E3-11.6K, HAdV-Bl E3-10.9K does not 
encode a product with a "death-like" biological activity. 
Recent molecular epidemiology studies have shown that 
the most prevalent strains of HAdV-Bl isolated from 
cases of acute respiratory disease encode versions of 
ORF E3-10.9K that contain truncating or null mutations 
[10,37,38] suggesting the existence of a selective advan- 
tage for loss of this gene among pathogenic HAdV-Bls. 
Interestingly, the genomes of HAdV-B2s appear to 
be naturally occurring deletion mutants for this ORF 
[39-41]. The investigation of the role of the HAdV-B- 
specific E3 CR1 genes, E3-20.1K and E3-20.5K in virus 
growth and progeny release is currently in progress in 
our laboratory. 



Like the majority of the E3 genes with a known func- 
tion, E3-10.9K may be involved in the modulation of 
some aspect of the host response to infection. The pres- 
ence of a putative tyrosine sorting motif in the C 
terminus of E3-9K and E3-10.9K [21] suggest that these 
orthologs may exert their function by exploitation of 
intracellular trafficking pathways like the RID complex 
proteins [42]. Exploratory work investigating protein 
interactions with cellular and/or other viral proteins will 
likely be one of the few available options to obtain valu- 
able clues to the function and possible mechanism of 
action of HAdV-B E3-10.9K and other adenovirus E3- 
encoded proteins. 



Methods 

Cells, viruses, media, and growth conditions 

A549 cells (ATCC #CCL-185) were grown in 8% (v/v) 
newborn calf serum-supplemented Eagle Minimum 
Essential Medium (EMEM) (A549 Growth Medium). 
HAdV-infected cells were maintained in 2% (v/v) new 
born calf serum-supplemented EMEM (A549 Infection 
Medium). Plaque assays were overlayed with 2% (v/v) 
new born calf serum-supplemented EMEM with 0.7% 
(w/v) low melt agarose (A549 Overlay Medium). The 
HAdV-C viruses rec700 and pm734.1 were obtained 
from Dr. William Wold, Saint Louis University and used 
as controls in our experiments. The rec700 virus, an 
Ad2-Ad5-Ad2 recombinant [43], was used in our 
experiments as the wild type parental virus control. 
The pm734.1 virus is an E3-11.6K/ADP knock-out 
mutant derived from rec700 [26,28]. Virus stocks for 
all experiments described here were grown and their 
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titers determined by standard plaque assay in A549 
cell monolayers. 

Generation of HAdV-3 mutant viruses 

To generate HAdV-3 mutant viruses, we utilized a 
recombination-based approach [21]. Briefly, the highly 
efficient bacteriophage \Red recombination system [44] 
was used to generate HAdV-3 clones encoding two non- 
coding versions of ORF E3-9K: HAdV-3-E3-9K-KO 
and HAdV-3-E3-9K-NULL. Bacmid pKSB2Ad3wt, which 
contains the full-length genome of HAdV-3 prototype 
strain GB (HAdV-3p), was a gift from Dr. Silvio Hemmi 
[24]. Using the previously described pE3-9K shuttle plas- 
mid [21], a series of mutations to ORF E3-9K were intro- 
duced. To generate HAdV-3-E3-9K-KO, site-directed 
mutagenesis was carried out to change all in-frame Met 
codons (ATG) to stop codons (TAG). To generate 
HAdV-3-E3-9K-NULL, ORF E3-9K was replaced by the 
non-coding version of ORF E3-10.9K encoded by HAdV- 
7 h strain Argentina 87-922 [22,25]. The shuttle plas- 
mids carrying the desired mutations of ORF E3-9K were 
then recombined with pKSB2Ad3wt to generate bacmids 
harboring the mutant HAdV-3 genomes. The new bac- 
mids were digested with Mlul to release the mutated 
HAdV genome, and transfected into A549 cells for 
mutant virus isolation and propagation as previously 
described [21]. Mutant viruses were quality controlled 
by sequencing of the portion of the E3 transcription 
unit comprising the mutated sites and the flanking ORFs 
E3-20.5 K and RIDa (Genbank accession numbers 
JQ278022, JQ278023, and JQ278024) and restriction 
enzyme analysis of genomic DNA with BamHl and Sail 
(data not shown). 

Virus dissemination assays 

A549 cells plated on 24-well culture plates were infected 
at a MOI of 1, 0.1, or 0.01 PFU/cell with each virus. 
After incubation for 5 days, medium was aspirated and 
cells were fixed in 1% formaldehyde and stained with 
Accustain crystal violet solution (Sigma-Aldrich, St. 
Louis, MO). 

Virus plaque size assays 

A549 cells plated on 6-well culture plates were infected 
with approximately 20 PFU of virus per well. After 
adsorption for 1 hour at 37°C with periodic rocking to 
distribute inoculum, cells were covered with A549 Over- 
lay Medium (described above). Plates were incubated for 
13 days (HAdV-3 viruses) or 6 days (HAdV-C viruses) 
and then fixed in 1% formaldehyde and stained with 
Accustain crystal violet solution (Sigma-Aldrich, St. 
Louis, MO). 



Virus egress assays 

A549 cells plated on 60 mm dishes were infected at 
a MOI of 10 PFU/cell. After adsorption for 1 hour at 37°C, 
cells were washed 3 times with PBS to remove 
excess extracellular virus. At 6, 12, 24, 36, 48, 72, 96, and 
120 h pi, extracellular and total virus samples were har- 
vested. In order to collect total virus samples, infected 
cells and supernatant were collected and freeze-thawed 
3 times at -80°C and room temperature. Samples were 
centrifuged at 300 x g for 5 min to remove cellular deb- 
ris, and the supernatant was collected. In order to col- 
lect extracellular virus samples, the supernatant from 
infected cells was collected and transferred to a 5 mL 
round-bottomed culture tube. Cells and debris were 
removed by centrifugation at 300 x g for 5 min, and the 
supernatant was collected. Infectious virus titers in all 
samples were determined by plaque assay on A549 
cells. 

Infected cell viability assays 

Infection of A549 cells was carried out in 60 mm dishes 
at a MOI of 10 PFU/cell. At 24, 48, 72, 96, and 120 h pi, 
medium was collected from samples and transferred to 
tubes in order to collect cells already detached from the 
monolayer. Adherent cells were trypsinized and pooled 
with collected medium. Pooled samples were then mixed 
with an equal volume of 0.4% Trypan Blue solution 
(Sigma, St. Louis, MO) and approximately 200 cells were 
counted using a light microscope and a hemocytometer. 
The percentage of viable cells was determined by dividing 
the number of unstained cells by the total number of cells 
counted and multiplying by 100. 

Cell viability of HeLa TREx cells overexpressing ORF 
E3-10.9K-EGFP fusion proteins 

Previously generated plasmids pcDNA 4/TO EGFP, 
pcDNA 4/TO 4.8K-EGFP, pcDNA 4/TO 7.7K-EGFP, 
pcDNA 4/TO 9K-EGFP, and pcDNA 4/TO 10.9K-EGFP 
[21] were used to transfect low passage HeLa TREx 
cells (Invitrogen, Carlsbad, CA) using Effectene Reagent 
(Qiagen, Valencia, CA). Cells were maintained under 
200 ug/mL Zeocin for two passages to select clones, and 
then maintained under 100 ^ig/rnL Zeocin thereafter. 
Positive clones with efficient control of fusion protein 
expression were identified by their high expression of 
EGFP fusion protein upon the addition of 1 ug/mL tetra- 
cycline and used in subsequent experiments. To test cell 
viability of HeLa TREx cells expressing ORF E3-10.9K- 
EGFP orthologous fusion proteins, cells were plated at 
approximately 50% confluency in 6-well culture plates. 
One day post-plating, medium was aspirated and 
replaced with growth medium or growth medium sup- 
plemented with 1 M.g/mL tetracycline. Medium was then 
collected and cells were trypsinized at 48 h post 
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induction. Medium and cells were pooled and stained 
with an equal volume of 0.4% Trypan Blue solution 
(Sigma, St. Louis, MO). Approximately 200 cells were 
counted with a light microscope and a hemocyto- 
meter. Percent cell viability was determined by dividing 
the number of unstained cells by the total number of 
cells counted and multiplying by 100. Expression of 
EGFP fusion proteins was confirmed by live-cell fluores- 
cence microscopy. 

As a positive control for trypan blue staining of non- 
viable cells, HeLa TREx cells were plated in 60 mm cul- 
ture dishes at approximately 50% confluency and har- 
vested by trypsinization 48 h post plating. Cells were 
pelleted by centrifugation at 300 x g for 2 min and 
resuspended in 1 mL PBS. Three mL of cold (-20°C) 
absolute ethanol was slowly added to the cell suspension 
while gently mixing and incubated at -20°C for 15 min. 
Cells were then pelleted by centrifugation at 300 x g for 
2 min and resuspended in 3 mL of PBS. Ethanol-treated 
cells were then stained with trypan blue solution and 
counted as indicated above. 

Additional files 



Competing interest 

The authors declare that they have no competing interests. 
Authors' contribution 

The three authors participated in the design of the study and preparation of 
the manuscript. KMF carried out the entire body of experimental work 
presented in this paper. SKC constructed shuttle vector pE3-9K. AEK carried 
out sequence data analysis and annotation and was responsible for 
manuscript editing and submission. 

Acknowledgements 

The authors thank Silvio Hemmi for providing bacmid pKSB2Ad3wt, and Bill 
Wold and Ann Tollefson for providing stocks of rec700 and pm734.1 for our 
experiments. 

This work was supported by NIH training grant T32 AI07538 to KMF. AEK is a 
member of the Center for Infectious Disease and Immunity, University of 
New Mexico. KMF is a recipient of a Robert D. Watkins Graduate Research 
Fellowship from the American Society for Microbiology. SKC is funded by 
grant RSG-1 17469 from the American Cancer Society. 

Author details 

'infectious Disease Program, Lovelace Respiratory Research Institute, 2425 
Ridgecrest Drive SE, Albuquerque, NM, USA. department of Immunobiology, 
BI05 Institute, University of Arizona, Keating Building Rm 423, 1657 E. Helen 
St, Tucson 85721-0240, AZ, USA. department of Molecular Genetics and 
Microbiology, University of New Mexico, Albuquerque, NM 87131-0001, USA. 



Received: 1 1 May 2012 Accepted: 9 August 2012 
Published: 11 August 2012 



References 

1. Becroft DM: Brochiolitis obliterans, bronchiectasis, and other sequelae of 
adenovirus type 21 infection in young children. J. Clin. Pathol. 1971, 
24:72-82. 

2. Gray GC, McCarthy T, Lebeck MG, Schnurr DP, Russell KL, Kajon AE, 
Landry ML, Leland DS, Storch GA, Ginocchio CC, Robinson CC, Demmler GJ, 
Saubolle MA, Kehl SC, Selvarangan R, Miller MB, Chappell JD, Zerr DM, 
Kiska DL, Halstead DC, Capuano AW, Setterquist SF, Chorazy ML, 

Dawson JD, Erdman DD: Genotype prevalence and risk factors for severe 
clinical adenovirus infection, United States 2004-2006. Clin. Infect. Dis. 
2007, 45:1120-1131. 

3. Kajon AE, Mistchenko AS, Videla C, Hortal M, Wadell G, Avendano LF: 
Molecular epidemiology of adenovirus acute lower respiratory infections 
of children in the south cone of South America (1991-1994). J. Med. Virol. 
1996, 48:151-156. 

4. Lang WR, Howden CW, Laws J, Burton JF: Bronchopneumonia with serious 
sequelae in children with evidence of adenovirus type 21 infection. Sr. 
Med. J. 1969, 1:73-79. 

5. Metzgar D, Osuna M, Kajon AE, Hawksworth AW, Irvine M, Russell KL: 
Abrupt emergence of diverse species B1 and B2 adenoviruses 

in US military recruit training centers. 1 Infect. Dis. 2007, 
196:1465-1473. 

6. Van der Veen J, Oei KG, Abarbanel MF: Patterns of infections with 
adenovirus types 4, 7 and 21 in military recruits during a 9-year surve. 

J. Hyg. (Lond.) 1969, 67:255-268. 

7. Herbert FA, Wilkinson D, Burchak E, Morgante 0: Adenovirus type 3 
pneumonia causing lung damage in childhood. Can. Med. Assoc. J. 1977, 
116:274-276. 

8. Murtagh P, Cerqueiro C, Halac A, Avila M, Kajon A: Adenovirus type 7h 
respiratory infections: a report of 29 cases of acute lower respiratory 
disease. Acta. Paediatr. 1993, 82:557-561. 

9. Simila S, Linna O, Lanning P, Heikkinen E, Ala-Houhala M: Chronic lung 
damage caused by adenovirus type 7: a ten-year follow-up study. 
Chest 1981, 80:127-131. 

10. Tang L, Li Wang L, Tan X, Xu W: Adenovirus serotype 7 associated with a 
severe lower respiratory tract disease outbreak in infants in Shaanxi 
Province, China. Virol J 201 1, 8:23. 

1 1 . Burgert HG, Blusch JH: Immunomodulatory functions encoded 
by the E3 transcription unit of adenoviruses. Virus Genes 2000, 
21:13-25. 

12. Davison AJ, Benko M, Harrach B: Genetic content and evolution of 
adenoviruses. J. Gen. Virol. 2003, 84:2895-908. 

13. Ginsberg HS, Lundholm-Beauchamp U, Horswood RL, Pernis B, Wold WS, 
Chanock RM, Prince GA: Role of early region 3 (E3) in pathogenesis of 
adenovirus disease. Proc. Natl. Acad. Sci. USA 1989, 86:3823-3827. 

14. Horwitz MS: Function of adenovirus E3 proteins and their interactions 
with immunoregulatory cell proteins. J. Gene Med. 2004, 

Suppl 15172-183. 

15. Lichtenstein DL, Toth K, Doronin K, Tollefson AE, Wold WS: Functions and 
mechanisms of action of the adenovirus E3 proteins. Int. Rev. Immunol. 
2004, 23:75-111. 

16. Sparer TE, Tripp RA, Dillehay DL, Hermiston TW, Wold WS, Gooding LR: 
The role of human adenovirus early region 3 proteins (gp19K, 10.4K, 
14.5K, and 14.7K) in a murine pneumonia model. J. Virol 1996, 

70:2431-2439. 

17. Davison AJ, Akter P, Cunningham C, Dolan A, Addison C, Dargan DJ, 
Hassan-Walker AF, Emery VC, Griffiths PD, Wilkinson GWG: Homology 
between the human cytomegalovirus RL11 gene family and human 
adenovirus E3 genes. J. Gen. Virol. 2003, 84:657-663. 

18. Lichtenstein DL, Doronin K, Toth K, Kuppuswamy M, Wold WS, Tollefson AE: 
Adenovirus E3-6.7K protein is required in conjunction with the E3-RID 
protein complex for the internalization and degradation of TRAIL 
receptor 2. J Virol 2004, 78:12297-12307. 

19. Moise AR, Grant JR, Vitalis TZ, Jefferies WA: Adenovirus E3-6.7K maintains 
calcium homeostasis and prevents apoptosis and arachidonic acid 
release. J Virol 2002, 76:1578-87. 



Additional file 1: Figure SI. Viability of HeLa T-REx cells upon 
expression of EGFP-tagged ORF E3-10.9K orthologs. HeLa T-REx cells 
stably-transfected with pcDNA 4/FO expression plasmids were treated 
with 1 ug/mL tetracycline (+Tet) or mock-treated (-Tet). Prior to trypan 
blue staining, expression of EGFP-fusion proteins in tetracycline-treated 
(+Tet) or untreated (-Tet) live cells was examined by bright field (BF) and 
fluorescence (EGFP) microscopy. Images are representative of three 
independent experiments. 

Additional file 2: Table SI. Viability of HeLa TREx cells expressing ORF 
E3-10.9K-EGFP orthologous fusion proteins. 



Frietze et at. BMC Research Notes 201 2, 5:429 
http://www.biomedcentral.eom/1756-0500/5/429 



Page 9 of 9 



20. Moise AR, Grant JR, Lippe R, Gabathuler R, Jefferies WA: The adenovirus 
E3-6.7K protein adopts diverse membrane topologies following 
posttranslational translocation. J Virol 2004, 78:454-463. 

21. Frietze KM, Campos SK, Kajon AE: Open reading frame E3-10.9K of 
subspecies B1 human adenoviruses encodes a family of late orthologous 
proteins that vary in their predicted structural features and subcellular 
localization. J. Virol. 2010, 84:1 1310-1 1322. 

22. Kajon AE, Xu W, Erdman DD: Sequence polymorphism in the E3 7.7K ORF 
of subspecies B human adenoviruses. Virus Res 2005, 107:1 1-19. 

23. Scaria A,Tollefson AE, Saha SK, Wold WS: The E3-11.6K protein of 
adenovirus is an Asn-glycosylated integral membrane protein that 
localizes to the nuclear membrane. Virology 1992, 191:743-753. 

24. Sirena D, Ruzsics Z, Schaffner W, Greber UF, Hemmi S: The nucleotide 
sequence and a first generation gene transfer vector of species B 
human adenovirus serotype 3. Virology 2005, 343:283-298. 

25. Kajon AE, Wadell G: Sequence analysis of the E3 region and fiber gene of 
human adenovirus genome type 7 h. Virology 1996, 215:190-196. 

26. Tollefson AE, Ryerse JS, Scaria A, Hermiston TW, Wold WS: The E3-11.6KDa 
adenovirus death protein (ADP) is required for efficient cell death: 
characterization of cells infected with adp mutants. Virology 1996, 
220:152-162. 

27. Doronin K, Toth K, Kuppuswamy M, Krajcsi P, Tollefson AE: Wold WSM: 
Overexpression of the ADP (E3-11.6 K) protein increases cell lysis and 
spread of adenovirus. Virology 2003, 305:378-387. 

28. Tollefson AE, Scaria A, Hermiston TW, Ryerse JS, Wold J, Wold WS: The 
adenovirus death protein (E3-1 1.6K) is required at very late stages of 
infection for efficient cell lysis and release of adenovirus from infected 
cells. J. Virol 1996, 70:2296-2306. 

29. Garnett CT, Erdman D, Xu W, Gooding LR: Prevalence and quantitation of 
species C adenovirus DNA in human mucosal lymphocytes. J Virol. 2002, 
76:10608-10616. 

30. Garnett CT, Talekar G, MahrJA, Huang W, Zhang Y, Ornelles DA, Gooding LR: 
Latent species C adenoviruses in human tonsil tissues. J Virol. 2009, 
83:2417-2428. 

31. Zhang Y, Huang W, Ornelles DA, Gooding LR: Modeling adenovirus latency 
in human lymphocyte cell lines. J Virol. 2010, 84:8799-8810. 

32. Jiang H, White EJ, Gomez-Manzano C, Fueyo J: Adenovirus's last trick: you 
say lysis, we say autophagy. Autophagy 2007, 4:1 18-120. 

33. Jiang H, White EJ, Rios-vicll CI, Xu J, Gomez-Manzano C, Fueyo J: Human 
adenovirus type 5 induces cell lysis through autophagy and autophagy- 
triggered caspase activity. J. Virol. 201 1, 85:4720-4729. 

34. Rodriguez-Rocha H, Gomez-Gutierrez JG, Garcia-Garcia A, Rao XM, Chen L, 
McMasters KM, Zhou HS: Adenoviruses induce autophagy to promote 
virus replication and oncolysis. Virology. 2011,416:9-15. 

35. Komarova NL: Viral reproductive strategies: How can lytic viruses be 
evolutionarily competitive? J Theor Biol. 2007, 249:766-784. 

36. Hemminki 0, Bauerschmitz G, Hemmi S, Lavilla-Alonso S, Diaconu I, Guse K, 
Koski A, Desmond RA, Lappalainen M, Kanerva A, Cerullo V, Pesonen S, 
Hemminki A: Oncolytic adenovirus based on serotype 3. Cancer Gene Ther. 
2010, 18:288-296. 

37. Ikeda Y, Yamaoka K, Noda M, Ogino T: Genome types of adenovirus type 
7 isolated in Hiroshima City. J Med Virol. 2003, 69:215-219. 

38. Kim YJ, Hong JY, Lee HJ, Shin SH, Kim YK, Inada T, Hashido (VI, Pledra PA: 
Genome type analysis of adenovirus types 3 and 7 isolated during 
successive outbreaks of lower respiratory tract infections in children. 
J Clin Microbiol. 2003, 41:4594-4599. 

39. Flomenberg PR, Chen M, Horwitz MS: Sequence and genetic organization 
of adenovirus type 35 early region 3. J Virol. 1988, 62:4431-4437. 

40. Mei YF, Wadell G: The nucleotide sequence of adenovirus type 1 1 early 3 
region: comparison of genome type Adl 1 p and Adl la. Virology. 1992, 
191:125-133. 

41 . Seto J, Walsh MP, Mahadevan P, Purkayastha A, Clark JM, Tibbetts C, Seto D: 
Genomic and bioinformatics analyses of HAdV-14p, reference strain of a 
re-emerging respiratory pathogen and analysis of B1/B2. Virus Res. 2009, 
143:94-105. 



42. 



43. 



44. 



Windheim M, Hilgendorf A, Burgert HG: Immune evasion by adenovirus E3 
proteins: exploitation of intracellular trafficking pathways. 

Curr Top Microbiol Immunol. 2004, 273:29-85. 

Wold WSM, Deutscher SL, Takemori N, Bhat BM, Magie SC: Evidence that 
AGUALLAUGA and CG4AG4UGA initiate translation in the same mRNA 
region E3 of adenovirus. Virology 1986, 148:168-180. 
Poteete AR: What makes the bacteriophage X Red system useful for 
genetic engineering: molecular mechanism and biological function. 
FEMS Microbiol. Lett. 2001, 201 :9-14. 



doi:1 0.1 1 86/1 756-0500-5-429 

Cite this article as: Frietze ef al.: No evidence of a death-like function for 
species Bl human adenovirus type 3 E3-9K during A549 cell line 
infection. BMC Research Notes 2012 5:429. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www. biomedcentra I .com/su bmit 



o 



BioMed Central 



